Magnolia grandiflora is an important medicinal, ornamental and horticultural plant species. The chloroplast (cp) genome of M. grandiflora was sequenced using a 454 sequencing platform and the genome structure was compared with other related species. The complete cp genome of M. grandiflora was 159623 bp in length and contained a pair of inverted repeats (IR) of 26563 bp separated by large and small single copy (LSC, SSC) regions of 87757 and 18740 bp, respectively. A total of 129 genes were successfully annotated, 18 of which included introns. The identity, number and GC content of M. grandiflora cp genes were similar to those of other Magnoliaceae species genomes. Analysis revealed 218 simple sequence repeat (SSR) loci, most composed of A or T, contributing to a bias in base composition. The types and abundances of repeat units in Magnoliaceae species were relatively conserved and these loci will be useful for developing M. grandiflora cp genome vectors. In addition, results indicated that the cp genome size in Magnoliaceae species and the position of the IR border were closely related to the length of the ycf1 gene. Phylogenetic analyses based on 66 shared genes from 30 species using maximum parsimony (MP) and maximum likelihood (ML) methods provided strong support for the phylogenetic position of Magnolia. The availability of the complete cp genome sequence of M. grandiflora provides valuable information for breeding of desirable varieties, cp genetic engineering, developing useful molecular markers and phylogenetic analyses in Magnoliaceae. 
The chloroplast (cp) is an important semiautonomous organelle for plant photosynthesis, and is inherited in a maternal manner. Compared with the nuclear genome, the cp genome is less than one ten-thousandth of the size. The cp has multiple copies in each cell, which can allow high expression of genes targeted to the cp. Targeted integration or transgenes in the cp genome can avoid position effects and gene silencing [1] . The chloroplast has a moderate rate of nucleotide evolution, but shows a big difference in the rate of divergence between coding and non-coding regions. This makes the cp genome suitable for phylogenetic studies at different taxonomic levels [2] . Since the complete cp genome sequences of Nicotiana tabacum [3] and Marchantia polymorpha [4] were first sequenced in 1986, cp genomes have been widely used in cp genetic engineering, for developing useful molecular markers and for phylogenetic analyses [5] [6] [7] . Kanevski et al. [8] transferred the rbcL gene of sunflower into the cp genome of N. tabacum and greatly improved the photosynthesis rate of seedlings. Craig et al. [9] transformed the Delta9 dehydrogenase of wild potato into the cp genome of N. tabacum using the PEG method, and obtained highly frost-resistant plants. These results showed that cp genetic engineering had huge potential application in resistance breeding. Jansen et al. [10] constructed phylogenetic trees based on 81 shared genes of 64 cp genomes and recovered phylogenetic relationships between the main angiosperm groups, which explained the major relationships among the early evolutionary branches and solved taxonomic controversy over the basal groups among angiosperms.
Magnolia grandiflora Linn., with the popular Chinese names Guang Yulan and Yang Yulan, is a tree species originating from the southeast of North America. M. grandiflora has great economic value, as well as strong resistance to wind and toxic gases such as sulfur dioxide. It has beautiful flowers with a fragrant smell and is regarded as an important ornamental and horticultural species. Extracts from its leaves are used to reduce blood pressure and as a raw material in Chinese herbal medicines, including use as a substitute for M. officinalis. However, seedlings of M. grandiflora grow slowly and are prone to diseases and insect damage. In addition, young plants are not hardy at low temperatures (<−14°C). Therefore, M. grandiflora has a low survival rate when transplanted and subsequently supplies of its products fall short of demand. M. grandiflora belongs to a group of plants that are early basal species of the angiosperms. Taxonomic boundaries are not well defined between this genus and other genera of Magnoliaceae, especially in relation to characters such as internal structures and external shapes. Agreement on the phylogeny of the Magnoliaceae has not been possible using traditional methods such as morphology, anatomy, microscopy and genetic analysis [11] [12] [13] [14] . Apart from Liriodendron, the other genera of Magnoliaceae have been incorporated into Magnolia. The relationships of Magnolia have been a focus of evolutionary and taxonomic studies [15] . Recent studies of M. grandiflora have focused on tissue culture, chemical composition and pharmacological effects [16] [17] [18] , but research has failed to solve many issues such as the long growth period, low resistance to diseases, classification and conservation of biodiversity.
These problems would be expected to be solved by cp genetic engineering and phylogenetic analysis. The absence of a cp genome sequence for M. grandiflora posed an insurmountable barrier to current studies in these areas. We now report the cp genome structure of M. grandiflora. This supports the study of evolution in the early angiosperms. The complete genome sequence provides valuable genetic information for studies on photosynthetic mechanisms, cultivating new varieties with strong resistance to cold and insect damage, exploring phylogenetic relationships between species of Magnoliaceae, and can also offer basic knowledge for the cp genetic engineering of M. grandiflora.
Materials and methods

Plant materials
Fresh young leaves of M. grandiflora were harvested from Nanjing (E118°27′36″, N32°1′48″). The samples were identified by Lin YuLin, an Associate Professor of the Institute of Medicinal Plant Development (IMPLAD), and preserved at IMPLAD.
Extraction and sequencing
Total cpDNA was extracted from approximately 100 g leaves using a sucrose gradient centrifugation method that was improved by Li XiWen et al. [19] . The concentration of the DNA for each cp was estimated by measuring A 260 with an ND-2000 spectrometer (Nanodrop technologies, Wilmington, DE, USA), and visual approximation was performed using gel electrophoresis. Pure cpDNA was sequenced using a 454/Roche FLX high-throughput sequencing platform.
Assembly and annotation
The Sff-file obtained was pre-processed, including the trimming of low-quality sequences. De novo assembly was performed using version 2.5 of the GS FLX system software. The position and direction of the contigs were identified using the cp genome sequence of Liriodendron tulipifera (NC_008326) as the reference sequence. The boundaries of IR-LSC and IR-SSC were confirmed using PCR amplification. The forward primer (F) sequence for LSC-IRb was CCTTCTCTCTTTCTCTCGCC and the reverse primer (R) was ATGAACCCTGTAGACCATCC. Other boundaries and their primer sequences were IRb-SSC (F-GCAGAA-TACCGTCGCCTAT, R-TACATTGCTCAAGTTGTGCC), SSC-IRa (F-CTGTGCCAAGGTTTCAGAC, R-AAACAG-GAACAAGAGGCATC), and IRa-LSC (F-CAATGGAG-CCGTAGACAGT, R-CATCAATCGTGCTAACCTTG).
The new complete cp genome sequence was annotated with the aid of DOGMA (http://dogma.ccbb.utexas.edu/) online. The position of each gene was determined using a blast method with the complete cp genome sequence of L. tulipifera as a reference sequence. Minor revisions were performed according to the start and stop codons.
Drawing a physical map of the cpDNA
A physical map of the chloroplast genome was produced by exporting the sequence in GenBank format using the Sequin software and submitting the cp genome sequence of M. grandiflora to the GenomeVx website (http://wolfe.gen. tcd.ie/GenomeVx/).
Analysis of simple sequence repeats (SSR)
SSR loci were identified using MISA (http://pgrc.ipkgatersleben.de/misa/) with the parameters set to eight repeat units (8) for mononucleotide SSRs, four repeat units (4) for dinucleotide, and three repeat units (3) for trinucleotide, tetranucleotide pentanucleotide and hexanucleotide SSRs. We focused on perfect repeat sequences. The sequences of cyclic queues and reverse complements were regarded as the same SSR. For example, the repeat unit AAG is equal to AAG, AGA, GAA, CTT, TCT and TTC.
Phylogenetic tree
There were altogether 66 genes (Table S1 ) shared by all 30 cp genomes (Table S2 ). Each gene from each genomic sequence was modified manually by checking the start and stop codons and was aligned using ClustalW. The resulting gene alignments were assembled into a data matrix for each genome. Maximum Likelihood (ML) and Maximum Parsimony (MP) analyses were conducted using PAUP (Phylogenetic Analysis Using Parsimony) v. 4.0b10 (Swofford, USA) taking the cp genome sequence of Cycas taitungensis (NC_009618) as the outgroup. The appropriate model of evolution was determined using the Modeltest3.7 software.
Results and discussion
The cp gene features of M. grandiflora
The complete cp genome sequence of M. grandiflora was 159623 bp in length and contained a pair of inverted repeats (IR) of 26563 bp separated by large and small single copy (LSC, SSC) regions of 87757 bp and 18740 bp, respectively ( Figure 1 ). A total of 129 genes were successfully annotated, including 37 tRNA, 8 rRNA and 84 protein coding genes ( Table 1) . Seven tRNAs and all rRNAs were located in IR regions. Protein coding regions accounted for 49% of the whole genome sequence, while rRNA, tRNA, and intergenic regions and introns accounted for 5.66%, 1.74%, and 43.6%, respectively. The GC-content of the whole cp genome sequence was 39.3%, and in the IR regions was 43%. This was a little higher than in the LSC and SSC regions (38% and 34% respectively). The size of the cp genome, GC content and gene content in M. grandiflora were found to be similar to those in M. officinalis, M. kwangsiensis and L. tulipifera (Table 2) , which was consistent with the ex- pectation that Magnoliaceae species evolve slowly [20] . The intron plays an important role in the regulation of gene expression. Some recent studies have found that many introns improve exogenous gene expression at specific positions and times, resulting in the expected agronomic characters. Therefore, introns can be a useful tool to improve transformation efficiency [21] . There were 18 introncontaining genes in the cp genome of M. grandiflora, of which three genes (rps12, ycf3 and clpP) had two introns and the rest had one intron (Table 3) . These introns are useful loci and may help to develop new varieties with strong resistance to many environmental stresses. Five genes were duplicated in the IRs, including trnA-UGC, trnI-GAU, rps12, rpl2 and ndhB. rps12 is a specific trans-splicing gene of which the 5′ end of the exon was located in LSC region and the 3′ end in the IR regions. This phenomenon was also found in other plastomes such as Marchantia polymorpha [22] and Korean ginseng [23] . It was reported that rpl16 and petD had no introns in M. kwangsiensis and L. tulipifera but we found highly similar sequences in the corresponding positions by performing a blast search of the intron sequences of rpl16 and petD in the cp genomes of Calycanthus floridus var. glaucus, Drimys granadensis, Piper cenocladum and M. grandiflora. We deduced that the absence of introns could be an error of annotation. In addition, Kuang et al. [24] reported that the shorter exon in rpl16 was absent in M. kwangsiensis and L. tulipifera. The conflict between our results and previous studies needs to be solved with rigorous experimental validation. The absence of exons and introns has also played an important role in gene structure and differentiation of function [25] and provides more information to study the evolution of closely related species. The findings in this paper indicate that the sequence variations of rpl16 might have a significant influence on phylogenetic studies in Magnoliidae and the study of functional changes related to the rpl16 genes in different species.
The analysis of SSRs
Chloroplast simple sequence repeats (SSR) are effective molecular markers. They not only have the advantages of abundance, co-dominant inheritance and high repeatability, but also the characteristics of simple genomic structure, relatively conservative sequences and maternal inheritance, which makes them widely used in species identification and genetic analysis at individual and group levels [26, 27] .
A total of 218 SSR loci were present in the cp genome of M. grandiflora, including 91 mononucleotide, 44 dinucleotide, 72 trinucleotide, 9 tetranucleotide and 2 hexanucleotide repeat units. No pentanucleotide repeats were found, and there was an inverse relationship between the abundance and the lengths of repeat units. Among all of the cpSSRs, the repeat unit A/T was the most abundant repeat, followed by AG/CT, AAG/CTT, AT/AT, AAT/ATT and AAC/GTT. These repeat units accounted for 81.2% of the total SSRs (Table 4 ). In addition, mononucleotide, dinucleotide, and trinucleotide repeats were composed of A or T at a higher level; this contributed to a bias in base composition, which was consistent with the overall A-T richness (60.7%) of the cp genome. The bias may have a close relationship with the easier changes to A-T rather than G-C in the genome. A survey of SSRs in other species of Magnoliaceae was performed with the same parameters used in M. grandiflora, allowing a comparison of the distribution of repeat units. The results showed that the type and abundance of repeat units in Magnoliaceae species were quite conserved. These loci should be useful for discovery of universal SSR markers for the Magnoliaceae.
Comparison of IR boundaries in Magnoliidae
Differences in cp genome size are mainly caused by the contraction and expansion of the IR regions [28] . Comparison of the IR boundary among six species from five orders of Magnoliaceae (Figure 3) showed that the size of the IR regions has a positive relationship with the length of the complete cp genome sequence (except in L. tulipifera). The cp genome size of P. cenocladum was the largest among the six species, followed by D. granadensis, M. grandiflora, L. tulipifera, Chloranthus spicatus and C. floridus var. glaucus (Table S3 ). Correlation analysis (Table S4 ) indicated, except for C. floridus var. glaucus ( Figure S1 ), that the length of the IR regions had a negative correlation with that of the pseudogene ycf1 (ψycf1) (R 2 =0.81, P<0.05). C. floridus var. glaucus had the shortest IR region and its ψycf1 was also shortest (only 266 bp). We also found a non-normal distribution of ψycf1 length between C. floridus var. glaucus and the other species. The ψycf1 length value of C. floridus var. glaucus belonged to an extremely unusual data category in Spearman analysis. In addition, apart from the contraction of ψycf1, the stretching of intergenic regions between rps19 and rpl2 (up to 1553 bp) altered the length of the IRs in C. floridus var. glaucus. The length of the IR and its corresponding ψycf1 are listed in Table S3 . The ψycf1 of P. cenocladum was only 927 bp in length but had the longest IR compared with other species in the Magnoliidae. The length of ψycf1-ndhF reached up to 1106 bp, which created an obvious expansion of the IR regions. Overlaps were detected between ψycf1 and ndhF in D. granadensis and C. spicatus with lengths of 72 and 25 bp, respectively. The stretching of the IR in D. granadensis produced a duplicated trnH gene. The trnH gene was partly located in the IR region of C. spicatus. We also found a close relationship between the changes in IR regions and the length between the rps19 and IR boundary. The presence of ψtrnH and a duplicated rpl2 was closely related to this phenomenon. The changes in IR-SSC were mainly reflected in the length of ycf1. P. cenocladum had the shortest ycf1 gene sequence completely located within the IR, which was the largest among the six species. The IR of C. floridus var. glaucus was the shortest and had the smallest percentage of the length of ycf1. However, we determined that the changes in ycf1 length and position had no significant correlation with that of the IR (P>0.05). The position of the trnH gene located at the junction of IRa/LSC shifted obviously but irregularly. 
Phylogenetic analysis of Magnolia species using cp genome sequences
Phylogenetic analysis was performed using maximum likelihood (ML) (Figure 4 ) and maximum parsimony (MP) ( Figure 5 ) methods on a 30-taxon 66-gene data matrix with 52869 aligned nucleotide positions, but when the gaps were excluded there were 47786 characters. Model test analysis showed that the best model was GTR+I+G. Bootstrap analysis indicated that 26 of the 27 nodes were supported by values 90% and 19 of these had a bootstrap value of 100% in the ML tree. MP analysis also generated a single tree with a high proportion of highly supported nodes, with 88.5% (23/26) of the ingroup nodes resolved with bootstrap values 90%, 16 of which were 100%. Although the taxon sampling was inadequate and we could not make a deeper phylogenetic analysis of Magnoliidae species, this was the first analysis of the phylogenetic position of Magnolia using cp genome data. The results of MP and ML analyses showed that Magnolia was sister to Liriodendron, and the two genera contributed to a later diverging lineage of the basal angiosperms. ML analysis determined that Magnoliales+Lauralesis was sister to Piperales+Canellales, which was consistent with the reports of Jansen et al. [10] and Cai et al. [20] . In addition, the phylogenetic tree with cp genome sequences recovered Monocotyledoneae as sister to Eudicotyledoneae with a high support value and this group was sister to Chloranthaceae+Magnoliidae; this result was identical to previous studies published by Michael et al. [29] and Jansen et al. [10] . Compared with the ML tree, the MP tree supported Laurales+Piperales as sister to Canellales and followed by Magnoliidae. However, the support value between Laurales and Piperales was lower, only 52%. Although there have been many phylogenetic studies between Magnoliaceae species using genes or intergenetic regions, the support values have been very low. Single gene and intergenetic region sequences have a low frequency of parallel evolution in genera of the Magnoliaceae [30] [31] [32] [33] , therefore they are only suitable for phylogenetic studies at higher taxonomic levels (above genus) [34, 35] . Because the cp genome evolves slowly in Magnoliaceae species, deeper phylogenetic research has to depend on cp genome data at lower taxonomic levels.
This study investigated the evolutionary position of Magnolia among the basal angiosperms and the phylogenetic relationship between four orders of Magnoliaceae based on previous phylogenetic studies on basal angiosperms using cp genome sequences. Our study provides new data for deeper analysis of phylogeny within the basal angiosperms. Existing cp genome sequences of Magnoliaceae remain sporadic and we need more cp genome data to determine the position of different evolutionary branches. We believe that more cp genomes of Magnoliid species will be completely sequenced with the sequencing cost decreasing and the development of new assembly technologies. Their complicated phylogenetic relationships will be finally defined according to systematic analysis with cp genome data.
Conclusion
With the further advancement of high-throughput sequencing technologies and bioinformatics, we can make deeper studies of the cp genome and learn more about its origin and structure, which will help us to explore new molecular markers and study the phylogenetic relationships of plant species. Moreover, studying the cp genome can help advance cp genetic engineering including molecular breeding and genetic transformation. M. grandiflora is a valuable ornamental and medicinal plant. Sequencing its complete cp genome and analyzing its structure can offer basal genetic information on photosynthetic regulation, enable development of varieties with strong resistances and assist plant identification. The chloroplast genome sequence can also help us find new ways to solve diverse problems for this species such as slow growth, insect pests and phylogenetic issues. Table S1 Sequences from Genbank used for phylogenetic analysis Table S2 The total shared 66 genes used in the phylogenetic analysis
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